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Abstract- In this paper, a renewable (Solar and Wind) energy 

sources based distributed generation system (DGS) is controlled to 

operate in the grid connected mode and an islanded mode using the 

robust and fast IAPV (Improved Affine Projection Versoria) and 

proportional resonant (PR) based control strategy. Due to the use 

of IAPV based control in the grid connected mode, the grid current 

becomes immune to the DC offset and the other non-fundamental 

harmonics during an unbalanced load, which significantly 

improves the grid current quality. It also presents the flexible 

operation of DGS in the grid connected mode using the variable 

and constant power injection into the grid, which ensures the grid 

stability during large and fast wind and solar power variations. 

Moreover, a MSOS-FLL (Modified Second Order Sequence 

Frequency Locked Loop) is used to improve the synchronization 

and seamless mode switching (islanded to grid connected and vice 

versa) performance by quickly and accurately estimating the phase 

angle and frequency at distorted and unbalanced grid voltages. 

Simulation and test results validate the microgrid operation and 

robustness of the microgrid control. 

Keywords: Distributed Generation System, Synchronization, Load 

converter, Machine Converter and Power Quality. 

I. INTRODUCTION 

Today, renewable energy sources (RESs) based distributed 

generation systems (DGSs) are gaining attention due to the 

availability of RESs in abundance [1]-[2]. The growth of RES 

based DGS, is motivated by environmental concerns due to 

setback of fossil fuel power plants. However, the RES based 

DGS poses some challenges such as voltage and frequency 

fluctuations in an islanded mode due to the intermittent nature 

of RES such as solar and wind [3]. Therefore, the storage battery 

is introduced in the RES based DGS in the islanded mode of 

operation. Alsaidan et. al. [4] and Datta et. al. [5] have reported 

the importance of a storage battery in an islanded DGS. Hence 

the RES based DGSs are capable to feed the local loads with 

high quality power. Regardless of all promising features, the 

DGS is still not a matured technology. Various control and 

operational issues are extensively investigated such as the grid 

synchronization control, in grid-connected mode, the stability 

and reliability, power management and voltage control in an 

islanded mode [6]-[10]. In the reported literature [11]-[14], 

various grid synchronization techniques are discussed in order 

to improve the control performance and to inject the high quality 

power in the grid. In the grid synchronization unit, the accurate 

phase angle detection technique plays a vital role in 

multifunctional DGS. In last few decades, various phase angle 

detection techniques are reported such as SRF-PLL 

(Synchronous Reference Frame- Phase Locked Loop), ANF 

(Adaptive Notch Filter) [13] and CDSC-PLL (Cascaded 

Delayed Signal Cancelation) [14]. Although, these reported 

techniques present phase angle detection approach when input 

voltages are distorted and unbalanced.  However, this technique 

does not consider the mode of switching from an islanded mode 

to the grid-connected mode under nonlinear loading. Therefore, 

in presented DGS, the MSOS–FLL (Modified Second Order 

Sequence Frequency Locked Loop) is used to estimate the phase 

angle of the grid voltage and an individual synchronization 

technique is used to quick mode of switching from an islanded 

mode to the grid connected mode and vice versa. This phase 

angle estimator works well during frequency variation, which is 

advantageous in this MSOS-FLL. Along with synchronization 

technique, here a new grid-connected control is also presented 

to improve the performance of DGS in the grid-connected mode 

of operation under dynamic conditions. 

Generally, an indirect current control is used to generate the 

switching pulses for the grid connected VSC (Voltage Source 

Converter) [15]. Substantial literature [16]-[21] have reported 

the indirect control. In an indirect current control, the reference 

grid currents are estimated by using the fundamental load 

current and other feedforward term in the solar grid connected 

system. Vishal et. al. [17] have discussed the filter, which is used 

to estimate the load current fundamental for the reference grid 

current estimation. However, the reported control techniques 

have some advantages over others control techniques. Such as 

SRF (Synchronous Reference Frame) [17] based control 

technique is robust and fast at normal condition, however, under 

DC-offset condition and unbalanced load currents, the 

performance of SRF control is affected. Moreover, similarly, 

PLL, EPLL [18], SOGI [19], advanced SOGI-PLL [20], and 

SOGI-FLL [21] based control techniques have some advantages 

and disadvantages.  Therefore, in this paper, an IAPV (Improved 

Affine Projection Versoria) based adaptive VSC control 

algorithm with the improved feed-forward term is used in the 

grid-connected mode [22]-[23]. The IAPV has various 

advantages over the existing control techniques. 

  Along with fast, adaptive and robust filter for the grid 

connected mode, here an improved feed-forward term is also 

included to improve the dynamic response of the system. In grid-

connected mode, the prime objective of IAPV control algorithm 

is to estimate the balanced and sinusoidal reference grid currents 

regardless of the operating conditions of the grid voltages. 

Moreover, here in the islanded mode of operation, the VSC (LC-

Load Converter) control switches into the voltage control mode 

and it is based on PR (Proportional resonant) controller rather 

than the PI (Proportional Integral) control. Because the response 

and tracking capability of PI control, are not fast enough for AC 

quantities. Hence, this paper deals with multifunctional and 

multi-objective DGS. To show the main contribution of the 
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paper, an exhaustive literature survey [24]-[44] has been 

presented in Table I. The main contributions of this work, are as 

follows. 

 This distributed generation system (DGS) is operated in an 

islanded mode and the grid-connected mode based on grid 

availability and the fault in the grid. 

 For the synchronization unit, the MSOS-FLL based phase 

angle estimator is used to improve the grid synchronization 

process and immune the synchronization process from the 

voltage distortion and frequency variation. 

 In grid-connected mode, the improved affine projection 

versoria control algorithm is used to inject the solar and wind-

generated active powers into the grid with an improved power 

quality. Moreover, the grid currents quality is protected 

against the DC-offset and load current harmonics.  

 The solar power feed-forward term in the grid-connected 

mode is used to improve the dynamic response of DGS under 

fast and sudden variation in the solar irradiance. 

 In grid fault condition, the DGS automatically switches to an 

islanded mode without any transient. Here, in an islanded 

mode of operation of DGS, the PR controller is used to 

achieve the balanced and sinusoidal CCP (Common Coupling 

Point) voltages. Therefore, the power quality of CCP voltages 

always remains well within the IEEE-1547 standard. 

II. DGS CONFIGURATION 

Fig.1 depicts a DGS (Distributed Generation System) 

configuration, which consists of a solar PV (Photovoltaic) array, 

a wind turbine driven SCIG (Squirrel Cage Induction Generator) 

with the energy storage battery. Here, the grid is connected at 

CCP (Common Coupling Point) of DGS through the solid state 

switches (Solid State Switches) as shown in Fig. 1. The boost 

converter is used to connect the solar PV array at DC-link of the 

LC (Load Converter) and delivers the solar generated active 

power to the DC-link. The wind turbine SCIG is controlled 

through MC (Machine Converter). Two R-C filters are used to 

reduce switching noise from the CCP voltages as shown in Fig.1. 

III. CONTROL STRATEGY 

The mode of DGS is switched using the converter control 

strategy. Here two converters are used one for the generator 

control and another is for load/grid power control. The load side 

converter (LC) controls voltage and frequency of islanded 

microgrid, the grid connection/disconnection control and grid 

power quality in the grid connected mode. The machine 

converter extracts the peak power from the wind generator and 

takes care the generator currents quality. Here, this DGS is 

operating in the grid-connected (GC) mode and an islanded 

mode (IM), in order to provide the uninterrupted power to the 

local loads. A robust control strategy is presented in this work, 

to operate DGS in IM and GC modes without any transient.  
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Fig. 1 Distributed generation system configuration 

The presented control strategy is categorized into three parts (1) 

grid-connected mode as shown in Fig. 2, (2) an islanded mode 

and (3) the synchronization control. Here, in this DGS, a storage 

battery is used for active power balancing, which is connected 

at DC-link by using the bi-directional DC-DC converter (BDC) 

and the role of BDC in DGS is to control the DC-link voltage as 

TABLE I MICROGRID OPERATING MODES  

References Grid Connected Mode Islanded Mode Seamless mode switching  

 Grid current quality 

improvement with DC-
offset in load current 

Grid current quality 

improvement during 
unbalanced load 

Grid current quality 

improvement during 
abnormal grid voltage 

Constant and 

variable power mode 

Improved voltage 

quality during 
unbalanced load 

Fast and seamless grid 

connection (within 2 cycle) 

[24] No No No No yes No 

[25]-[26] No Yes No Only variable power No No 

[27] No No No No Yes No 

[28] No Yes No Only variable power No No 

[29]-[31] No Yes No Only variable power No No 

[32] No Yes No Not mentioned Yes Mode Switching occur but no 

discussion regarding fast grid 

connection 

[33] No No No No grid connected Yes No 

[34] No Yes No Only variable power No No 

[35]-[36] No Yes No Grid connected only Yes Yes 

[37] No Yes No Only variable power Yes Manual Mode switching 

[38]-[39] No Yes No Only variable power No No 

[40] No Yes No Only variable power Yes Mode of Switching occur but 

no discussion regarding fast 

grid connection 

[41]-[42] No Yes No Only variable power No No 

[43]-[44] No No No No Yes No 

Presented 

manuscript 

Yes Yes Yes Constant and 

variable power mode 

Yes Yes 
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shown in Fig. 3 and safe battery current even from second 

harmonic. The control algorithm of the DGS is described in the 

following subsections. 
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Fig.2 Grid connected control (a) for LC and (b) for MC 

A. Grid-Connected Mode of DGS 

In grid-connected mode, the switching pattern of LC is 

generated through an indirect current control. The indirect 

current control of LC, is based on IAPV (Improved Affine 

Projection Versoria) algorithm as shown in Fig.2(a). Here, the 

IAPV filter is used to estimate the reference grid currents to 

improve the grid currents quality at highly nonlinear load.  

The load current fundamental component is estimated through 

IAPV algorithm. The IAPV control algorithm requires the in-

phase component for computing the load current fundamental 

component, which is shown in Fig. 2(a).  

The estimation of in-phase unit templates, is as follows, 

, ,
ga gb gc

a b c
t t t

v v v
u u u

V V V

  

                                (1) 

Where, vga, vgb and vgc are grid phase voltages. The grid phase 

voltages are computed through the following expression, 

   

 

1 1
2 , ,

3 3
1

2
3

ga gab gbc gb gab gbc

gc gab gbc

v v v v v v

v v v

     

  

    

  

                               (2) 

Where, vgab
+, vgbc

+ are the positive sequence line voltages and 

these positive sequence voltages are estimated using the MSOS 

(Modified Second Order Sequence)-FLL as shown in Figs. 3-4 

and following governing equations. 

   
1 1 1

3 2 2 3
gab gbc gca gab gbc gcav v v v v v   

      
   

          (3)  

   
1 1 1

3 22 3
gca gab gbc gab gbc gcav v v v v v    

       
  

         (4) 

 gbc gab gcav v v                                                                     (5) 

Where, vgab
+, vgbc

+ and vgca
+ are the positive sequence voltages. 

The fundamental active current component is estimated as [45], 

(r) ( ) ( )
( ) ( 1)

(r) ( ) ( )

a a
pa pa

a a

u V r e r
I r I r

u V r e r
                                           (6) 

Where ,( ) ( ) ( ) ( ) ( )a La pa a dc ae r i r I r u r K r                           (7) 

and μ is equal to .0025.             

And , ,( ) ( 1) ( )dc a dc a aK r K r e r                                                (8) 

Where, Kdc,a is an adaptive variable to reject the DC-offset 

component.  

Similarly, the active weight components of load currents for 

phase ‘b’ and ‘c’ are estimated as, 

(r) ( ) ( )
( ) ( 1)

(r) ( ) ( )

b b
pb pb

b b

u V r e r
I r I r

u V r e r
                                           (9) 
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Fig. 3 Positive sequence estimator 
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Fig. 4 MSOS-FLL block diagram 
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Fig. 5 BDC and solar PV array peak power control 
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Fig. 6 Islanded mode of LC control 

 

The average fundamental load current is estimated as, 

3

pa pb pc
p

I I I
I

 
                                                                  (13) 

The reference grid current weight is computed as, 
*
g p dc fpv fwiI I I I I                                                                         (14) 

Where, Idc is a weight component for DC-link voltage control.  

The common DC-link voltage is controlled through a PI 

controller, which is formalized in discrete time as, 

(r) (r 1) {( (r) (r 1)} {V (r)}dc dc p e e i eI I k V V k                        (15) 

Where, Ve is error of reference DC-link voltage (Vdc
*) and the 

sensed DC-link voltage (Vdc). 

Ifpv and Ifw are the PV power and wind power feed-forward 

terms, respectively. The PV feed-forward term is estimated as, 

2

3

pv
fpv

t

P
I k

V

 
   

 
and

2

3

wind
fwi

t

P
I

V

 
  
 

                                             (16) 

Therefore, the response of the system is improved under 

dynamic condition.  

The reference sinusoidal grid currents are estimated as follows, 
* * * * * *, ,ga a g gb b g gc c gi u I i u I i u I                                        (17) 

The hysteresis current controller is used to generate the 

switching pulses of LC. The error of the hysteresis band is 

computed through reference and sensed grid currents. Fig. 2 (b) 

shows the MC control for extracting the wind peak power with 

improved power quality of SCIG. The MC control is based on 

an indirect vector control as shown in Fig. 2 (b). 

Moreover, Fig. 5 shows the DC-link voltage regulation 

technique with solar peak power extraction control algorithm. 

The DC-link voltage regulation is achieved through the BDC 

(Bidirectional DC-DC Converter) in an islanded mode. 

However, in the grid connected mode, an outer PI (Proportional 

Integrator) is saturated and BDC switching pulses are achieved 

through the constant current mode and DC-link voltage 

regulation is achieved through the load converter. 

In the grid connected mode, the outer PI controller is saturated 

and the battery reference current is equal to the lower saturation 

limit. The battery current PI controller is expressed as, 

        1 1  (r)pib bebe be ppbD r k I ID kr rr I            

(18) 

Where, Ibe is error between the reference and sensed battery 

currents.  These kpib and kppb are the gains of the PI controller. 

B. Islanded Mode of DGS 

In the islanded mode, the LC is used to generate the CCP 

voltages using the PR (Proportional Resonant) controller as 

shown in Fig. 6. The reference CCP voltage is given through the 

DSP (Digital Signal Processor) and reference voltage {Vref = 

230*√2/(√3)V} and frequency (fref = 50Hz). In an islanded 

mode, VSC control algorithm consists of three PR (Proportional 

Resonant) controllers. The outputs of PR controllers are 

expressed as [46], 

1 2

1 2

(r) (r) n (r 1) n (r 2)

d (r 1) d (r 2)
vsca o ea ea ea

vsca vsca

i n v v v

i i

     

  
                  (19) 

1 2

1 2

( ) (r) n (r 1) n (r 2)

d (r 1) d (r 2)
vscb o eb eb eb

vscb vscb

i k n v v v

i i

     

  
                 (20)   

1 2

1 2

(r) (r) n (r 1) n (r 2)

d (r 1) d (r 2)
vscc o ec ec ec

vscc vscc

i n v v v

i i

     

  
                   (21)  

Where, n0,n1,n2,d1 and d2 are given in [24]. 

And *( ) (r) (r)ea sa sav r v v                                                      (22) 

*( ) (r) (r)eb sb sbv r v v                                                                         (23) 

*( ) (r) (r)ec sc scv r v v                                                                         (24) 

Where, vsa
*, vsb

* and vsc
* are the reference phase voltages and vsa, 

vsb and vsc are sensed CCP phase voltages. CCP phase voltages 

are estimated through line voltages, which are expressed as, 

   

 

1 1
2 , ,

3 3
1
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3

sab sbc sab sbc

sab sbc

v v v v v v
sa sb

v v v
sc

   

 

    

  

                   (25) 

Where, vsab
+,vsbc

+ and vsca
+ are line voltages as shown in Figs. 3-

Figs. 5. 

In an islanded control algorithm of VSC, the PR controllers give 

reference converter currents (ivsca, ivscb and ivscc). The hysteresis 

current controller is used to generate the VSC switching pulses. 

C. Modified Second Order Sequence (MSOS)–FLL based 

Synchronization Control 

As shown in Figs. 5, the islanded DGS is transferred to the grid-

connected mode, if the grid availability is assured. The theory 

behind the grid synchronizer process, is the estimation of grid 

voltages phase angles and islanded CCP voltages phase angles. 

The synchronization unit of DGS, is used to synchronize the 

phase islanded DGS voltages and phase angles of the grid 

voltages. The grid and CCP voltages phase angles are estimated 

through MSOS-FLL. The phase estimator algorithm is fast and 

capable to estimate the phase angles under distorted grid 

voltages. After the estimation of phase angles, a PI (Proportional 

Integral) controller is used, for matching of grid voltages and 

CCP voltages phase angles.  

( ) ( 1) { ( ) ( 1)} { ( )}d d ps e e is er r k r r k r                    (26) 

Where Δθd is the PI controller output and θe is the error of grid 

and standalone phase angle and it is expressed as, 

θe(r)=θg(r)-θs(r)                                                                                     (27)    

Where θg is the grid voltage angle and θs is the standalone 

voltage angle. The updated phase angle (θn) is given to the 
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standalone controller for generating the standalone voltage same 

as the grid voltage as shown in Fig. 5. Hence the new updated 

phase angle is as, 

( ) ( ) ( )n s dr r r                                                                          (28)  

Where θs is the islanded CCP voltages phase angle. 

IV. RESULTS AND DISCUSSION 

To demonstrate the effectiveness and robustness of the presented 

control, a DGS is developed in the laboratory as well as 

simulated in MATLAB/Simulink. 

A. Performance of Microgrid in Simulation Platform 

The fast and accurate phase angle information is necessary for 

fast synchronization of the islanded microgrid to the grid. 

MSOS-FLL also improves the reference grid current estimation 

performance because the unit vector information is used in the 

reference grid current estimation and the MSOS-FLL algorithm 

obtains it by estimating the positive sequence voltages from the 

unbalanced and distorted voltages. Fig.7 and Fig. 8 show the 

comparison of phase angle estimation performance at variable 

frequency using SRF-PLL, SOS-PLL and the MSOS-FLL. It is 

observed that at constant frequency, the performance of SRF-

PLL, SOS-PLL and MSOS-FLL are similar. However, during 

the change in the frequency, the performance of MSOS-FLL is 

superior, and it is giving accurate phase angle information. Fig. 

9 shows a comparison of synchronization performance using 

SRF-PLL and MSOS-FLL. It is observed that a synchronization 

of an islanded microgrid to the grid using MSOS-FLL is faster. 

Fig. 10(a) shows the seamless grid connection from an islanded 

to the grid connected mode. Fig. 10(b) shows the performance 

of the grid connected system at unbalanced load. Fig. 10(b) 

shows the battery current (Ib), grid current (ig), load current (iL), 

PV current (Ipv) and wind current (Iw). At unbalanced load, the 

battery current (Ib) is free from the second harmonic. Fig. 10(c) 

shows the response of DGS at solar insolation change and wind 

speed variation.  

Voltage in unit scale
MSOS-FLL
SOS-PLL
SRF-PLL

 
Fig. 7 Comparison of phase angle estimator of SRF-PLL, SOS-PLL and MSOS-
FLL 

MSOS-

FLL

SOS-PLL

 
Fig. 8 Comparison of fundamental voltage estimation using MSOS-FLL and 

SOS-PLL during sudden frequency variation. 

In 2 cycle

SRF-PLL

 
(a) 

In 1 cycle

MSOS-FLL

 
(b) 

Fig.9 Performance of grid synchronization control (a) SRF-PLL based grid 
synchronization control (b) MSOS-FLL based grid synchronization control  

B. Experimental Performance of DGS in Grid-Connected Mode 

The rating of wind turbine driven generator is 230V, 50Hz, 1kW 

and the grid line voltage is 230V and 50Hz frequency. The solar 

PV rating is of 4.1kW with 400 V of an open circuit and 12 A of 

a short circuit current. The following subsections demonstrate 

test results at steady state and dynamics in the grid-connected 

mode, an islanded mode and during switching of modes. The 

performance of the DGS in steady state, is shown in Figs. 11-12. 

Here two RESs are used such as solar and wind-based energy.  

Therefore, the total generated power is 4.69kW (solar 4.2 kW 

and wind power is 0.59kW) as shown in Figs. 11-12. The load 

demand power is 2.00kW as shown in Fig. 12(c). The wind 

turbine driven SCIG current waveform shows the effectiveness 

of the machine converter, which is depicted in Fig. 12(a). In GC 

mode, the battery control comes into a constant current charging 

or discharging mode, which depends on the battery SOC (State 

of Charge). Here, the battery is only in constant current charging 

mode and its charging current is shown in Fig. 11(a). To balance 

the active power in DGS, the surplus power is injected into the 

grid at unity power factor. The injected grid current harmonics 

quality is 2.00%, which is under the IEEE-1547 and IEEE-519 

standard. However, THD (Total Harmonic Distortion) of the 

load current is 23.00 % as shown in Figs. 12(g)-(i). 
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C. Dynamic Performance of DGS in Grid-Connected Mode  

The improvement in dynamic performance of DGS, is depicted 

in Fig.13. The robustness of the grid connected control is 

presented at sudden solar power change in Fig. 13(a).  Figs. 

14(a)-(b) show the DC-link voltage and grid current transient 

with conventional feed-forward and with this feed- forward 

term. Here, it is observed that with this control, the DC-link 

voltage is maintained at similar value before and after the solar 

power transient. Similarly, the solar power irradiance changes 

from 1000W/m2 to 500W/m2 and vice versa is shown in Figs. 

14(a)-(b) and at this condition, the grid current is smoothly 

changed, for balancing the active power in the DGS. Another 

dynamic condition is considered as, unbalanced load as shown 

in Figs.15 (a)-(b). The unbalanced load is realized at one phase 

load removal among the three phase load. At load unbalanced 

condition, the grid currents remain sinusoidal and balanced and 

it is accomplished through the LC control. As the one phase load 

is disconnected, the injected grid power is increased to balance 

the active power in the DGS. The load reactive power demand 

is also fulfilled by the VSC. Therefore, the grid current is always 

at unity power factor.  

In grid-connected mode, the storage battery is controlled in 

constant current charging mode. If the battery is suddenly 

disconnected from the system as shown in Fig. 15 (c), the DGS 

operates in healthy condition. At the battery disconnection, the 

injected grid current is increased to balance the power and the 

grid current quality remains within the IEEE-1547 and IEEE-

519 standards. Hence all dynamic conditions show the 

robustness and reliability of DGS in grid-connected mode. 

D. Dynamic Performance of  DGS in Islanded Mode  

In an islanded mode of DGS, unbalanced load and solar 

irradiance dynamic conditions are observed in Figs.16 (a)-(c).  

Fig.16 (a) shows the one phase of load removal and at this load 

unbalanced condition, the CCP voltages remain sinusoidal. 

Subsequently, the power is balanced through the storage battery 

at load unbalanced condition as shown in Fig. 16(a). Therefore, 

the battery charging current is increased at one phase of load 

removal. Similarly, at load connection, the CCP voltage remains 

sinusoidal and the battery charging current is decreased. 

The storage battery quickly responds as the solar irradiance is 

changed. The battery is used to maintain the active power 

balance in islanded DGS at solar irradiance change as shown in 

Figs. 16(b)-(c). The voltage and frequency are also regulated at 

varying solar irradiance, which is observed in Figs. 16 (b)-(c).  

E. Performance of DGS in Mode of Switching  

As the grid availability is assured by the synchronization unit, 

the DGS is reconnected to the grid as shown in Figs. 17(a)-(b). 

The robustness of the control strategy is observed from Fig.17 

(a), which depicts the mode of switching from islanded to grid 

connected mode without any current and voltage transients. The 

load current is also not affected during mode of switching. As 

shown in Fig. 17(b), the STS signal is zero in an islanded mode 

and as the DGS comes into grid connected mode, the STS comes 

into one. During this mode of transition, the grid voltages and 

current are regulated with an improved quality. Moreover, Fig. 

17 (a)-(b) show a comparison of MSOS-FLL and SOS-FLL 

based grid synchronization control. Performance of this MSOS-

FLL is also shown in Fig. 17 (c) at distorted grid voltages.  

F. Comparison of Grid Connected Control between Presented 

and Conventional Control Approaches  

Fig. 18 shows the robustness of the grid connected control, 

which is based on IAPV, during the presence of DC-offset 

component in the load current. 

 

(a)                                             (b) 

Fig.11 Steady state performance of microgrid (a) battery power (b) solar power 

 
(a)                                                                              (b)                                                                            (c) 

Fig. 10 Performance of DGS in simulation (a) grid synchronization (b) load unbalanced (c) solar insolation and wind speed variation 
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(a)                                                                                         (b) 

Fig.13 Dynamic performance of DGS in grid connected mode at solar irradiance change (a) Vdc,Vpv,Ipv and ig (b)  Vdc,Vpv,Ipv and ig 

 
                                                              (a)                                                                                                             (b) 

Fig. 14 Comparison of proposed control algorithm in grid connected mode with conventional (a) with feed-forward term (b) with presented feed-

forward control. 

 
                          (a)                                                                            (b)                                                                           (c) 

 
                                        (d)                                                                               (e)                                                                           (f) 

 
(g)                                                                                (h)                                                                                 (i) 

Fig. 12 Steady state performance of DGS in grid connected mode (a) Pw (b) Pg (c) PL (d) Pvsc (e) Pb (f) Ppv (g) vccp, ig (h) vccp, iL (i)  vccp, ivsc  (j) Vw and Iw (k) 

Harmonic spectrum of ig and vccp  (l) Harmonic spectrum of iL and vccp   

 

Authorized licensed use limited to: Cornell University Library. Downloaded on September 02,2020 at 06:22:30 UTC from IEEE Xplore.  Restrictions apply. 



0093-9994 (c) 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TIA.2020.3021060, IEEE
Transactions on Industry Applications

8 
 

 As shown in Fig. 18 (a), the comparison of EPLL control with 

IAPV control for estimating fundamental load current. As 

depicted in Fig. 18 (a), fundamental load current estimation 

using IAPV control has good convergence and accurate rejection 

of DC-offset as compared to EPLL. Moreover, Fig. 18(b) shows 

a comparison of SOGI and other conventional LMS (Least Mean 

Square) control with presented IAPV control for fundamental 

load current estimation and Fig. 18(b) the superior and accurate, 

current estimation using IAPV as compared to other control 

algorithms 

V. CONCLUSION 

Performance of the DGS has been demonstrated for different 

modes of operation such as an islanded mode and the grid 

connected mode with the mode of switching. Test results show 

the robustness of control strategy, which is capable to operate in 

grid connected mode. Moreover, the transient free mode change 

is also presented through test results. The power quality of CCP 

voltages and currents, is also maintained within the IEEE-1547 

standard, in the grid connected mode, an islanded mode and 

during the mode transitions. Test results have demonstrated the 

performance of DGS at different dynamic conditions and 

validated the robustness and effectiveness of control. Test 

results have also shown the effectiveness of feed-forward term 

in the grid connected mode and the smooth operation of the grid 

connected mode at a battery disconnection. 

 
                                    (a)                                                                         (b)                                                                            (c) 

Fig. 15 Dynamic performance of DGS in grid connected mode at unbalanced load (a) vccp (c) Pg (d) vccp, iL (e) Harmonic spectrum of iL and vccp (f) PL 

(g) Pvsc (h) vccp, ivsc (i)  Vw and Iw (j) Pw  (k)Vb, Ib (j) Pb (m)MPPT at 1000W/m2 

 

 
                                  (a)                                                                                   (b)                                                                              (c) 

Fig. 16 Dynamic performance of DGS in islanded mode (a) and (b) load unbalanced (c) and (d) solar irradiance change. 

CH 3: vL 500V/div CH 4: vg 500V/div

CH 2: ig 10A/div

CH 1: Ib 10A/div

 
                                       (a)                                                                     (b)                                                                               (c) 

Fig. 17 Dynamic performance of DGS at mode of switching (a) vs, vg, ig and iL with proposed MSOS-FLL (b) vs, vg, ig and STS  with SOS-FLL and 

(c)  vg,θg (proposed SOS FLL) and θg (proposed conventional SRF-PLL) 

 

CH 1: Ipa 5A/div

CH 3: iL 10A/div

CH 4: Ipa 5A/div

Load current with DC-offset

Convergence Speed 

by presented control

Convergence Speed 

by EPLL

Unstable

Stable response

CH1: iL 10A/div

CH2: Ipa 10A/div

CH3: Ipa 10A/div

CH3: Ipa 10A/div

Convergence speed of 

Presented control 

Convergence speed of 

SOGI filter 

Convergence speed of 

EPLL filter 

 
(a)                                                                                                                 (b) 

Fig. 18 Comparison of grid connected control between presented and conventional control approaches with and without DC-offset condition. 
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